Abstract: A global energy-auditing approach is used to describe the complex transient flow associated with sudden pressurization of a confined pipe system containing entrapped air pockets. The key concept is that the greatest pressures following pressurization are directly related to the amount of energy absorbed by the air pockets. The energy approach leads to an insightful understanding of the transient pressurization event, one that clarifies the underlying physics and that better explains several previously published observations. Moreover, the energy formulation leads to analytical algebraic expressions that can be numerically confirmed.
Introduction
Rapid pressurization of liquid pipe systems naturally induces transient pressures. However, if the system contains liquid only (and no air pockets), the magnitude of the resulting transient pressures may not be dramatic. In fact, Abreu et al. (1992) show that the maximum transient pressure in an all-liquid pipe is usually limited to approximately two times the driving head under which the system is pressurized, but if the pipe system does contain entrapped air, the magnitude of the induced transient pressure may be significantly higher (Wylie and Streeter 1993) . Of course, the essential origin of the transient flow is similar in both cases. That is, when the boundary pressure of the system suddenly increases, the induced flow in the pipe suddenly becomes arrested when it encounters the dead end, thus generating a water hammer response at that location. If the system contains air, however, the greater system compressibility permits a momentary but much higher flow velocity to enter the system, which can then produce significantly greater transient pressures when it is arrested.
Sudden air compression has been identified as the cause of extreme transient pressure in some pipe systems (Martin 1976; Wylie and Steeter 1993) . For example, the rapid compression of an air pocket trapped between the check valve of a pumping line and the returning liquid column following a power failure can lead to severe overpressures (Jönson 1985) . The sequence of events in a dry lake tap can suddenly compress the air in the associated tunnel and thus produce extreme overpressures (Chaudhry and Reddy 2011) . Under wet-weather flow conditions, a hydraulic bore moving along a sewer pipe may compress an air pocket at a drop shaft and induce extreme pressures; subsequent reflection of the induced overpressures may then result in negative pressures (Wright et al. 2012; Vasconcelos and Leite 2012) .
The magnitude of the resulting transient pressures depends on many factors, including the system's driving head, amount of entrapped air, pipe friction, liquid and pipe elasticity, and pipe slope. How these parameters interact to create the resulting transient pressure has motivated considerable research. A number of authors (Martin 1976; Cabrera et al. 1992; Abreu et al. 1992; Izquierdo et al. 1999 ) used a rigid water column model to describe the overpressure associated with a rapid air compression event. Some ; Lee and Martin 1999; Chaiko and Brinckman 2002; Epstein 2008; Liu et al. 2011; Zhou et al. 2011a ) utilized a water hammer model. Zhou et al. (2011b) applied both two-dimensional (2D) and three-dimensional (3D) computational fluid dynamic (CFD) models to capture the transient conditions caused by rapid pressurization of a simple pipe system and thereby confirmed the occurrence of extreme pressure rises.
Several experimental studies have also been conducted. Both Lee (2005) and Zhou et al. (2011a) experimented on a simple pipe-reservoir system, confirming the occurrence of the extreme pressure rises predicted by numerical models. Jönson (1985) explored the onset of extreme overpressures caused by compression of an air pocket in the discharge line of a pump due to liquid column reversal following a power failure. Nakamura and Tomita (1999) showed that the rapid compression of air pockets due to quick start-up of a pumping line can produce an extreme pressure rise. Wright et al. (2012) and Vasconcelos and Leite (2012) experimented with both partial and full flow stoppage in a pipe-reservoir system with a downstream air pocket, and like others, they reported the occurrence of extreme positive and negative pressures.
The studies just mentioned illustrate the implications of entrapped air that need to be considered in design and operation. In particular, they show how the resulting transient conditions are sensitive to the characteristics of the pipe systems. Nevertheless, the complex nature of entrapped air has often hindered a more complete understanding of these conditions.
As part of his study, Martin (1976) employed a rigid column model to study rapid pressurization of a simple pipe system comprising an upstream constant-water-level reservoir, a horizontal frictionless pipe, and an entrapped air pocket at the downstream end. This study showed that, for a specific reservoir level, the maximum pressure following rapid pressurization of the system is independent of the size of the air pocket. This response is counterintuitive because larger air pockets would seem to lead to a greater gain in momentum that should presumably lead to greater pressure rises. Yet this effect appears exactly countered by the increased cushioning effect of the larger air pocket. Such a fortuitous balance of effects is not convincingly explained in the literature. Cabrera et al. (1992) studied the pressurization of a pipe with entrapped air by applying both complete and simplified rigid column models while ignoring length-related terms in the governing equation. This study showed that the simplified model can replicate the peak pressure predicted by the complete model if the velocity head term is removed from the governing equation of the simplified model. These results led to a discussion of the underlying physics (Ghidaoui and Karney 1994) , which in turn led to a further clarification of the findings of Cabrera et al. (1994) . Nevertheless the arguments presented by Cabrera et al. (1994) were made numerically, not through a physical argument.
Many other studies have identified, either numerically or experimentally, some peculiar transient conditions following sudden pressurization of systems with entrapped air; however, none provided a comprehensive physical explanation. What perhaps has hindered researchers is the fact that experimental and numerical approaches provide only a local and case-specific perspective. Even in simple pipe systems, the local transient response may be the result of the interaction of various waves that are affected by different system components (i.e., boundary conditions, friction, the elastic characteristics of pipe and water, leaky joints). Although other studies have been beneficial to a point, a more holistic view would be helpful. Karney (1990) proposed an energy approach to studying and understanding transient conditions. This approach balances the net energy flux entering the system with the time rate of change in different energy components in the system, including the kinetic, elastic, and energy dissipation terms. These researchers showed that the partitioning of the energy components in such a manner leads to an integrated understanding of both a system's transient response and the influence of specific factors.
The current paper uses an energy audit approach to better understand the underlying physics of transient conditions following the rapid pressurization of pipe systems containing entrapped air. Karney's (1990) approach is first adapted to the context of this study. Several published case studies are then revisited in light of the refined energy approach. Because many experimental and numerical studies have shown that compressibility effects are seldom significant, only published rigid water column results are considered here.
Theoretical Background

Numerical Model
Although this paper does not propose a new numerical approach, a rigid water column model is developed both to reproduce the numerical results provided in the literature and to confirm the proposed energy approach. In addition, in more complex cases for which the energy approach cannot provide quantitative results, results of the numerical model are used to support qualitative physical interpretations. For completeness this model is summarized here.
The governing equation of the rigid water column model is as follows :
where V = liquid column velocity; g = acceleration due to gravity; K l = local loss coefficient; D = pipe diameter; ρ = density of liquid; H d = driving head; f = Darcy-Weisbach friction factor; P x = air pressure at a distance; P 0 = initial air pressure; P atm = atmospheric pressure; γ = polytropic exponent; θ = pipe angle relative to the horizontal (positive values are for adverse slopes); x = increase in liquid column length; L = pipe length; L 0 = initial liquid column length, A = pipe cross-sectional area; and t = time.
The following assumptions are made: (1) the liquid-pipe system is incompressible; (2) the pipe is either completely full or empty with a vertical filling front; and (3) the head-loss relationship for steady flow conditions is valid. The MATLAB function ODE45, which uses a Runge-Kutta method, is used to numerically integrate the governing equations.
Energy Relations in Pipe Systems with Entrapped Air
By manipulating the one-dimensional (1D) continuity and momentum equations, Karney (1990) derived the following equation:
where H = piezometric head; and a = acoustic wave velocity. The collective terms in Eq. (4) have units of power. In order these are the rates of change of elastic energy of both the liquid and the pipe, of kinetic energy of the liquid, of mechanical energy dissipation, and of the energy fluxes leaving and entering the pipeline, respectively. A more compact form is
where U = elastic energy stored in both the pipe and the liquid; T = kinetic energy of the liquid column; D 0 = rate of energy dissipation; and W = net energy or work flux entering the pipe.
To use the energy approach for systems containing entrapped air, several additional terms are needed. Consider Fig. 1 , which illustrates the motion of a liquid column in a system containing a downstream air pocket. As the liquid column elongates, the air pocket is compressed as it stores a portion of the liquid's kinetic energy. If the liquid column moves in a sloping pipe, it also gains or loses gravitational potential energy. Thus, Eq. (5) can be extended as follows: Fig. 1 . Typical pipe with entrapped air
where Ua = elastic energy stored in the air pocket; and Ep = gravitational potential energy of the liquid inside the pipe. If elastic effects in the pipe and liquid are ignored, the nature of the other terms is easily summarized.
Air Pocket Energy
The rate of change in the elastic energy accumulated in the air pocket over a time period Δt can be calculated as follows:
Substituting P x from Eq. (3) into Eq. (7), the following equation is obtained after integration:
where X Ã ¼ X=ðL − L 0 Þ is the air pocket compression rate.
Potential Energy
The rate of change in the potential energy of the liquid column over the same time period can be calculated as
The potential energy of the liquid column at the beginning and end of the time period can be calculated as
By substituting Eqs. (10)- (12) into Eq. (9), the rate of change in the gravitational potential energy of the liquid column can be calculated as
In the previous equations, X = increase in length of the liquid column; and Z 1 and Z 2 = elevations of the upstream and downstream ends of the pipe, respectively.
Kinetic Energy
The rate of change in the kinetic energy of the liquid column can be calculated as
Boundary Energy Flux The net energy flux (i.e., flow work) entering the system depends on whether the pipe system is pressurized by a constant-water-level reservoir or by use of a pump. For constant-water-level reservoirs
For a pump
where H p = pump head.
Assuming that the head and discharge of the pump are approximated by a parabolic curve, the energy flux provided by the pump can be written as a function of the liquid column velocity:
where Cp 1 = pump shutoff head; and Cp 2 = constant defining the pump's characteristic curve shape.
Frictional Dissipation
Using the Darcy-Weisbach equation, the rate of mechanical energy loss over a period of time can be calculated as follows:
Numerical Exploration
Given the background just described, some historical studies with important contributions can now be revisited using the energy approach to provide a more complete understanding of the underlying transient flow physics. Since most previous work used either a reservoir-pipe system or a pumped pipeline, both types of system are considered in this paper.
Reservoir-Pipe Systems
Considering the typical pipe-reservoir system shown in Fig. 2 and neglecting pipe and liquid elastic effects, the energy equation can be developed by plugging different components of energy from Eqs. (7)- (18) into Eq. (6) as follows:
This quite general equation can be employed to examine the effects of reservoir head, slope, and friction on maximum air pressure. However, to better understand the effects of individual parameters, the following exploration starts from the simplest systems and progressively adds complicating factors.
Frictionless-Horizontal Reservoir-Pipe System
As part of his research, Martin (1976) studied the rapid pressurization of a pipe system comprising a frictionless-horizontal pipe and an upstream constant-head reservoir with a downstream entrapped air pocket. His results unexpectedly showed that, for a specific reservoir water level, the resulting maximum pressure is independent of the air pocket size and the initial length of the liquid column.
By neglecting the terms associated with both friction and slope in Eq. (19), it can be simply concluded that, as the liquid column compresses the air pocket, the energy entering the system through the upstream reservoir is partitioned between that accumulated in the air pocket and that in the kinetic energy of the liquid column. After the liquid column velocity reaches its peak value, the partially compressed air pocket begins to decelerate the liquid column by absorbing its kinetic energy.
By rearranging Eq. (19) and neglecting the terms associated with both the pipe slope and the friction, the liquid column velocity can be calculated as a function of the compression rate of the air pocket, X Ã , as follows:
Once the liquid column comes to rest, the pressure of the air pocket reaches its maximum, having absorbed all of the column's kinetic energy. By setting the velocity in Eq. (20) to zero, the maximum air compression rate can be calculated as
Alternatively, Eq. (20) can be expressed in terms of the pressure head: 1
Both Eqs. (21) and (22) contain only one unknown (X Ã max and H max , respectively), which can be obtained via iteration.
Eq. (20) shows that the initial air void fraction, ∀ f ¼ L − L 0 =L 0 , is an important factor that affects the velocity of the liquid column during pressurization. As the initial air void fraction increases, the liquid column's potential to accelerate also increases. However, Eqs. (21) and (22) show that the maximum air compression rate and the maximum pressure are unaffected by the initial air void fraction, depending only on the reservoir level and the polytropic exponent. In other words, regardless of the initial length of the liquid column and the initial volume of the air pocket, both the maximum air compression rate and the maximum pressure are fixed. This confirms the observations of Martin (1976) .
To validate the energy approach, the results obtained from Eqs. (20) and (22) can be compared with those of a numerical analysis for a specific pipe system (Fig. 2) . Hereafter, the "fictitious pipe system" refers to the system in Fig. 3 , the results obtained from the energy approach exactly coincide with those of the numerical model. Also, they confirm that, while the maximum air pressure is independent of the initial air void fraction, the resulting maximum liquid column velocity is highly sensitive to the initial air void fraction. As expected, the greater the initial air void fraction, the greater the liquid column velocity.
Although Eq. (22) mathematically explains the hypothesis presented by Martin (1976) , further interpretation is possible. To obtain a better understanding, Eq. (19) can be rearranged to obtain the maximum energy stored in the air pocket per unit volume: Eq. (23) shows that if the air pocket receives a constant supply of energy per unit volume, the maximum air compression rate and maximum pressure remain constant regardless of the size of the air pocket. As was the case in Martin (1976) , because each part of the flow entering the pipe system from the reservoir has an identical energy per unit volume of ρgH r , the reservoir can supply constant energy per unit volume of the air pocket regardless of the air pocket's size . However, this hypothesis is invalidated if pipe slope, friction, or both are considered. Abreu et al. (1992) showed numerically that pipe slope has a significant effect on the resulting maximum pressure, particularly at greater initial air void fractions. They observed that pipe systems with adverse slopes experience a decrease in maximum pressure as the initial air void fraction increases, whereas pipe systems with favorable slopes experience the opposite (i.e., the resulting maximum pressure increases as the initial air void fraction increases).
Effect of Pipe Slope
Eq. (19) shows that, in the absence of friction, when the liquid column is arrested, the energy in the compressed air pocket does not simply balance that released by the reservoir. Depending on whether the slope is adverse or favorable, the total energy embedded in the air pocket can be either less or greater than that introduced by the reservoir. For adverse slopes, as the liquid column advances in the pipe, a portion of the energy provided by the reservoir is expended in the gain in gravitational potential energy. The total amount of gravitational potential energy eventually accumulated in the liquid column depends on the final length of the water column and increases as the air pocket size increases. The implication is obvious: the larger the air pocket, the lower the maximum pressure.
In favorable slopes, the relationship is naturally reversed. As the liquid column becomes longer, it gains potential energy; thus, the larger the air pocket, the higher the maximum pressure.
By manipulating Eq. (19) and neglecting friction, the velocity of the liquid column can be expressed as
When the liquid column eventually comes to rest, there is zero kinetic energy and Eq. (24) can be simplified as follows:
Alternatively, Eq. (26) can be expressed in terms of pressure head:
From these equations, it can be seen that the pipe slope effect is included through the last term in the numerator on the right-hand side of the expressions. This term affects the driving head of the system, justifying the driving-head approach employed by Abreu et al. (1992) to explain the effect of pipe slope on maximum pressure. Eq. (26) makes explicit that the slope term, −0.5ðX max þ 2L 0 Þ sinðθÞ, can increase or decrease the driving head of the reservoir depending on whether the pipe is adverse or favorable.
To validate this relation, analytical and numerical results can be compared in the context of the aforementioned hypothetical pipe system. Fig. 4 shows the results obtained from Eq. (24) along with those of the analytical and numerical solutions. It can be seen that the analytical and numerical results are identical. Fig. 5 illustrates the maximum air pressures obtained from Eq. (26) along with those of the numerical model. Again, the analytical results coincide with the numerical results.
Figs. 6(a and b) show different components of energy, including the energy supplied by the reservoir, the potential energy associated with the pipe slope, and the energy accumulated in the air pocket for two pipe slopes, 10 and −10°, and different air pocket lengths. As can be seen, with a favorable slope, increases in the size of the air pocket increase the released potential energy and thus maximum air pressure increases. However, with an adverse slope, the energy absorbed by the air pocket decreases with an increase in air pocket size because a greater portion of the reservoir energy is stored in the pipe as gravitational potential energy.
Effect of Friction
By setting the velocity of the liquid column to zero in Eq. (19) and manipulating the expression, the following equation is obtained:
Eq. (27) is nearly identical to that obtained for the frictionless pipe system [Eq. (26)] except for the extra term on the right-hand side, which incorporates the effect of friction. The negative sign of this additional term implies that the driving head of the system (H r ) is reduced by an amount equal to the magnitude of the friction term; that is, the greater the magnitude of this additional term, the lower the effective driving head and maximum pressure. The magnitude of the friction term varies with the initial air void fraction. A larger fraction allows the liquid column to attain a greater velocity during pressurization, which in turn increases the effect of friction and therefore the magnitude of the dissipation term.
The friction term complicates the solution of Eq. (27). For the hypothetical system considered in the previous section and a pipe slope = −10°, Fig. 7 compares the maximum pressure heads induced for f ¼ 0.01, 0.02, and 0.03. As can be seen, friction significantly reduces the effect of pipe slope and causes the maximum pressure head to dramatically decrease compared with the frictionless system. The figure also reveals that in the frictional system, below the air pocket length of approximately 80 m, the maximum pressure head decreases as the air pocket size increases, but beyond this point the maximum air pressure grows as the size of the air pocket increases.
To explain the appearance of this extremum, consider the energy components for f ¼ 0.01, 0.02, and 0.03 summarized in Figs. 8(a-c) . The figures show that, below the air pocket length of 80 m, as the length increases, the rate of increase in energy dissipation per unit volume of the air pocket becomes greater than the sum of the rates at which the recovered potential energy and the energy injected by the reservoir per unit volume of the air pocket increases. Thus, the energy received per unit volume of the air pocket increases as the air pocket size increases. However, beyond this size the trend reverses and the air pocket receives more energy per unit volume its size increases, causing the maximum air pressure to grow. The appearance of such an extermum point had not been previously identified. Cabrera et al. (1992) numerically explored the rapid pressurization of a pipe system containing entrapped air at the downstream end. They employed both full and simplified versions of the rigid water column model in which the variation in liquid column length was ignored. The governing equations associated with the full and simplified models are
Effect of Liquid Length Variation
Cabrera et al. demonstrated that the maximum air pressure obtained from the simplified model is the same as that from the complete model if the velocity head is ignored in the simplified model. Such a counter-intuitive result raised a discussion between Ghidaoui and Karney (1994) and Cabrera et al. (1992) in which details of the underlying behavior were clarified. The discussion concluded that all of the results presented in the original paper held true (Cabrera et al. 1994) , but the underlying physics were not yet understood. Lee (2005) attempted a better explanation of the problem by providing a closed-form solution for both models. Although the analytical solutions presented by Lee confirmed the numerical results obtained by Cabrera et al. (1992) , his analytical solutions provided little additional insight. The energy approach can be used to further elucidate this issue, first for a frictionless pipe system. The energy equation in this case simply balances the energy entering the system through the reservoir with the kinetic energy of the liquid column and the energy accumulated in the air pocket. The energy equations for the complete and simplified models are
The subscripts C and S refer to the complete and simplified models, respectively. For a given liquid column advancement length (X C ¼ X S and X Ã C ¼ X Ã S ), the energy entering the system and the energy accumulated in the air pocket are identical for both models. Consequently, the kinetic energy of the liquid column must be equal in both models. The same amount of kinetic energy gives rise to a higher velocity in the simplified model because the liquid column in the simplified model has less mass. By equating the kinetic energy terms, the following relationship between the liquid column velocities of the two models can be obtained:
This is the same result reached algebraically by Cabrera et al. (1992) .
Because the velocity in the simplified model always exceeds that in the so-called complete model, the conservation-of-mass relation implies that filling is faster in the simplified method. Therefore, as was also recognized by Cabrera et al. (1992) , the simplified method produces erroneous temporal results. Nevertheless, when the liquid column finally comes to a rest against the compressed air pocket, the resulting maximum air pressure in both cases is the same because the air pockets in both models are compressed by the same amount of energy.
By taking the derivative of Eq. (31) and, through manipulation, the equation presented by Cabrera et al. (1992) [Eq. (29)] is obtained. This reconfirms that, for the air pocket in the simplified model to be compressed to the same degree as in the full model, the velocity head must be ignored in the governing equations of the simplified model.
To explore the role of the velocity head, consider the case in which the initial liquid column is very short. In this case, Eq. (32) implies that velocity can increase without limit in the simplified model as the initial liquid column length tends to zero. Such an instantaneously high-velocity flow requires an energy source that can provide instantaneously high mass and energy flux. However, the limited head of the reservoir does not physically permit such fluxes to occur.
Considering that inclusion of the velocity head in the boundary equations physically harnesses the amount of the mass and energy released through the reservoir, in order to allow the reservoir boundary to release any unphysical amounts of mass and energy, the velocity head must be removed from the governing equation. Whereas the instantaneous release of energy and mass fluxes in the simplified model is greater than that in the complete model, the time period of these unrealistic fluxes in the simplified model is proportionally enforced by the continuity equation such that when the liquid columns are eventually brought to rest, the total mass and energy released by the reservoir are the same for both models. This clearly explains that it is only by violating the real physics that the simplified model can correctly calculate the maximum air pressure. Cabrera et al. (1992) also showed that for a frictional system the same hypothesis holds true. In this case, the energy equations corresponding to the complete and simplified models can be written as follows:
For an arbitrary liquid column length variation (X C ¼ X S ), the following equation can be concluded by comparing Eqs. (33) and (34):
Equation (35) implies that, for a given liquid column length, the sums of the kinetic energy of the liquid column and the friction loss are the same for both models. Eqs. (33) and (34) also show that, when the liquid columns are finally brought to rest against the compressed air pockets, the resulting maximum air pressures captured by the two models are the same if the total energy losses in both models are the same. Equating the two energy loss terms results in a relationship between the liquid column velocities that is equivalent to Eq. (32). Because this relation satisfies Eq. (35), it can be concluded that, for a given liquid column advancement length, both the energy loss and the kinetic energy terms in the complete model are equal to their counterpart terms in the simplified model. Thus, when the liquid columns are finally brought to rest, the total energy loss in both models is equal and so the air pockets are compressed with the same amount of energy. This confirms that both models calculate the same maximum air pressure.
By taking the derivative of Eq. (34), it can be shown that the resulting equation also lacks a velocity head term. This confirms that for the simplified model to simulate the correct maximum air pressure, the velocity head must be removed from the respective governing equation. The physics of the problem in this case can be also explained with the same argument presented for a frictionless pipe system. Izquierdo et al. (1999) studied rapid pressurization in pumping lines containing multiple air pockets and concluded that compression of the first air pocket is significant. They also found that smaller air pockets produce higher peak pressures. Fuertes et al. (1999) expanded this work and studied the influence of several relevant parameters, including pump characteristic curve shape, pipe slope, and friction, on the resulting peak air pressure. This resulted in the creation of some useful nondimensional design charts; however, a better physical understanding can be achieved by applying the proposed energy approach.
Pumping Systems
The energy equation [Eq. (19) ] developed for pipe systems supplied by a constant-water-level reservoir can be easily adjusted to account for the effect of pumps. This can be accomplished by replacing the boundary energy flux in that equation, W 0 , with the one given in Eq. (17).
When the liquid column eventually comes to rest, the total energy released by the pump is entirely stored in the air pocket. In this case, Eq. (19) can be rearranged as
Note that Eq. (36) is remarkably similar to Eq. (27) for a pipereservoir system. The pump shut-off head (Cp 1 ) plays the same role as the reservoir head, and the Cp 2 includes a term very similar to the friction term. This means that, even if both friction and slope are neglected, this term ensures that the pumps can never provide constant energy per unit volume of the air pocket.
Eq. (36) further implies that the pump characteristic curve shape is also an important factor that affects the amount of energy that a pump provides per unit volume of the air pocket. Steeper pump curves that have greater Cp 2 values (Fig. 9) correspond to a steeper head drop during pressurization. Thus, for a given air pocket size, pumps with greater Cp 2 values tend to compress the air pocket with a lower energy per unit volume, which in turn results in lower maximum air pressures. The effect of the pump characteristic curve shape on the maximum air pressure was first explained by Abreu et al. (1992) using the driving head approach discussed earlier in this paper.
To justify the preceding qualitative arguments, a numerical analysis is conducted using a modified version of the hypothetical pipe system in which the reservoir is replaced with a pump; both pipe slope and friction are also neglected. Fig. 10 depicts both the resulting maximum air pressures and the energy released by the pump per unit volume of the air pockets for two pumps with the same shut-off head of Cp 1 ¼ 20 m but different Cp 2 values of 3,000 and 5,000 m −6 =s 2 . It confirms the preceding reasoning and justifies the following:
1. The maximum air pressure and energy released per unit volume of the air pocket decrease as the initial air void fraction increases; 2. For a given air void fraction, a steeper pump characteristic curve provides less energy per unit volume of the air pocket and results in a lower maximum pressure; 3. For very small initial air pocket sizes, the resulting maximum pressure is similar to that produced by a reservoir with a head equal to the shut-off head of the pump; and 4. In the absence of the pipe slope, the fact that smaller air pockets produce higher maximum pressures holds true for pipereservoir systems only when the systems contain friction; for pumping systems, this is true regardless of friction. To examine how pipe friction and slope affect response, the aforementioned example is revisited by assuming that friction factor, pipe slope, and Cp 2 are 0.018, −10, and 3,000, respectively (in consistent SI units). Fig. 11 shows that, unlike the frictionlesshorizontal pipe system, the maximum air pressure in this case does not occur at smaller air pocket sizes but rather at an extermum point. The energy flow of the system shown in Fig. 11 reveals that increasing the air pocket size decreases the energy unit per unit volume of the air pocket and then increases it. In larger air pockets, the role of the pump in energizing the air pocket is rendered unimportant and the energy recovered because of the action of the slope supplies a significant portion of the energy received by the air pocket. Also, in this case, even if the friction is neglected, the maximum pressure still occurs at an extremum point.
The obtained results are apparently not in full agreement with those obtained by Izquierdo et al. (1999) and Fuertes et al. (1999) , both of which concluded that maximum pressure occurs with smaller air pocket sizes. The pumping systems considered by these researchers contain several air pockets separated by a series of blocking water columns. In fact, the following example can be seen as a special case of the pumping systems considered in those studies in which just one air pocket is compressed against an infinite blocking water column, not moving during the air pocket pressurization.
Additional Remarks
To this point, the elastic effects of the fluid and the pipe have been neglected. Although both experimental and numerical results show that in a few cases the elastic effect may significantly affect transient responses (Lee 2005; Zhou et al. 2011a; Nakamura and Tomita 1999; Abreu et al. 1991 Abreu et al. , 1992 , these studies confirm that, unless the air pocket is very small, the elastic effect is insignificant. Even under such conditions, inclusion of the elastic effect reduces the maximum pressures obtained from rigid column theory.
The proposed energy approach simply concludes that ignoring the elastic effect causes the air pocket to receive additional energy that could have otherwise been accumulated in the liquid and pipe body as strain energy. This clearly explains why the rigid column model overestimates pressures. Nonetheless, except for very small air pockets, the energy storage capability of the air pocket is significantly greater than that of the liquid and pipe body. Therefore, this additional energy can significantly affect the air pocket's energy (and consequently its maximum pressure) only when the pocket is very small. Further to this short qualitative explanation, the energy approach has also been successfully employed to explain some aspects of transient flow that arise because of the elastic nature of pipe systems (Malekpour and Karney 2014) .
Finally, experimental studies show that existing 1D models are unable to accurately resolve the dampening of the pressure oscillations that follow rapid pressurization of pipe systems with entrapped air pockets. Lee (2005) numerically showed that considering the thermal effect of the air pocket allows the numerical result to better mimic reality, but in some of the examples provided the thermal effects cannot produce as strong an energy dissipation as those observed experimentally. This leads to the conclusion that the thermal effect might not to be the sole cause of the problem.
The proposed energy approach confirms that any sink of energy such as air pocket thermal effects can reduce the amount of energy mechanically received by the air pocket and consequently reduce the maximum air pocket pressure. However, inspection of the experimental results of Vasconcelos and Leite (2012) shows that 1D models resolve the first pressure peak much better than the subsequent peaks. This may imply that the energy dissipation after the first peak becomes more intense.
A hypothesis that can physically explain this behavior may be established by considering air pocket expansion after a peak pressure. CFD results (Zhou et al. 2011b) show that strong air-pocket break-up forms as the pocket expands. This break-up may significantly increase local head loss and intensify dampening. The validity of such a hypothesis needs to be justified through a detailed study. The authors' future plan is to test this hypothesis in a CFDbased study.
Summary and Conclusion
An energy approach was applied to published cases to better understand the complex transient responses following rapid pressurization of confined pipe systems with entrapped air pockets. This approach was employed to explain the underlying physics of some important aspects of transient flow that were not well understood in the literature. Because most contributions were made using rigid water column theory, this paper did not consider the elastic effects of liquid and pipe.
The essential conclusion drawn from the energy approach is simple: because the resulting maximum pressure rise directly depends on the amount of energy received by the air pocket, auditing the partition of energy attributed to air pocket compression reveals the effect of each pipe system parameter (i.e., reservoir head, pump characteristics, pipe slope, friction) during the pressurization event.
The results show that the energy approach can sometimes lead to an analytical solution. In a comparison of this approach and corresponding numerical solutions, both give identical results. Even when analytical solutions are not available, energy methods remain powerful conceptual tools for explaining the underlying physics.
In addition to providing a better understanding of different aspects of rapid pressurization in pipe systems, the energy approach helps to identify one important aspect of this complex phenomenon that had not been previously identified. The energy approach shows that the interaction of the pipe slope with the friction effect in reservoir pipe systems and with the friction and/or pump shape effect in pumping lines may cause the maximum air pressure to occur at a specific air pocket size. This counters the widespread belief that the rigid column model always produces higher pressures with smaller air pockets.
Notation
The following symbols are used in this paper: A = pipe cross-sectional area; a = acoustic wave velocity; Cp 1 = pump shut-off head; Cp 2 = constant defining the shape of the pump characteristic curves; D = pipe diameter; D 0 = rate of energy dissipation; E p = potential energy of the liquid column; f = Darcy-Weisbach friction factor; g = gravitational acceleration; H = piezometric head; H atm = atmospheric pressure head; H d = driving head; H max = maximum pressure head; H 0 = initial air pressure head; K l = local (or minor) loss coefficient; L = pipe length; L a = air pocket length; L 0 = initial liquid column length; P atm = atmospheric pressure; P x = air pressure at a specific liquid column advancement length; P 0 = initial air pressure; T = kinetic energy of the liquid column; t = time independent variable; U = elastic energy stored in both the pipe body and the liquid; U a = elastic energy stored in the air pocket; V = liquid column velocity; V 0 = initial liquid column velocity; W 0 = net energy flux entering a pipe system; x = increase in the liquid column length; X Ã = air pocket compression rate; X Ã max = maximum air pocket compression rate; Z = pipe elevation; γ = polytropic exponent; ∀ f = air void fraction; θ = pipe angle to the horizontal; and ρ = liquid density.
